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Abstract 
Time-resolved photoluminescence (TRPL) is used to evaluate the injection-dependent effective minority carrier lifetime of high 
resistivity epitaxial silicon layers grown on highly doped CZ-Si substrates. Effective lifetimes ranging from 10 μs to 200 μs are 
estimated for excess carrier densities between 1x1017 cm-3 and 2x1016 cm-3. Standard models are used to separate the contribution 
from the different recombination mechanisms. The influence of the epitaxial layer and substrate parameters on the minority 
carrier effective lifetime measurement is discussed.  
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1. Introduction 
The measurement of minority carrier lifetime is particularly challenging in silicon epitaxial layers with thickness 
less than 100 μm. Indeed, epi-layers are usually grown on heavily doped substrates which prevent the use of 
standard photo-conductance techniques [1]. However, some methods have been reported recently that are based on 
steady-state photoluminescence (PL) ratio to separate the surface and the bulk contribution to effective lifetime for 
two excitation wavelengths [2] or for different epitaxial layer thicknesses [1,3]. Recently, Walter et al. have 
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extracted the bulk and the surface minority carrier lifetime in epi-layers from micro-wave photoconductance decay 
measurements (MWPCD) [4]. A self-consistent calibration of photoluminescence lifetime has also been developed 
using numerically simulated data [5]. In this paper, we present a method to extract the injection-dependent effective 
lifetime of silicon epi-layers from time-resolved photoluminescence (TRPL) measurements. A time correlated single 
photon counting (TCSPC) technique is used to monitor the PL signal from epitaxial silicon films submitted to a 
square-wave modulated illumination. This method was first demonstrated for passivated Si substrates [6] and is 
extended here to high resistivity Si epi-layers grown on highly doped Cz-Si substrates. Recombination models are 
used to validate the injection dependent effective lifetime curve extracted from TRPL measurements. 
2. Experimental part 
2.1.  Sample structure 
The samples are n-type Si epitaxial layers with very low doping levels (between 5x1013 and 2x1014 cm-3) and 
three thicknesses (28, 41 and 75 μm). The epitaxial layers are grown by Chemical Vapor Deposition (CVD) on 
highly doped n+-type Si substrates with resistivity ȡ in the range 0.001-0.005 ȍ.cm and thickness around 500 μm. 
The samples are passivated on the front side with a 20 nm-thick Al2O3 layer deposited by thermal ALD (Atomic 
Layer Deposition). The front surface recombination velocity (Sfront) value is evaluated to be in the range 5 to 20 
cm.s-1 from a quasi-steady state photo-conductance measurement performed on a n-type FZ-Si substrate 
(Nd=1015cm-3) with similar passivation layers.  
 
 
Fig. 1. Schematic of the samples. Ĳepi, Ĳsub, Nepi, Nsub, Wepi and Wsub are respectively the effective lifetime, the doping level and the thickness of the 
epitaxial layer and the substrate. Sfront, Sint and Srear are the front, the interface and the rear surface recombination velocities. 
2.2. Time-resolved photoluminescence 
Figure 2 shows the schematic of the room temperature TRPL measurement set-up. The excitation signal is 
provided by a laser diode emitting at 870 nm with periodic square-wave modulation intensity and a maximum power 
of 85 mW. The laser beam diameter is about 1 mm. The rise and fall times of the laser signal are smaller than 1.5 ns. 
The PL emission corresponding to the band-to-band recombination maximum in silicon (around 1140 nm) is 
collected and filtered through a monochromator. The PL signal is detected with a single photon counting system 
(SPD_A_M1 from Aurea Technology) designed with dedicated electronics to measure long lifetimes in the range of 
1 μs to 10 ms. The detector is a cooled InGaAs-based single photon avalanche diode. Over a modulation period, a 
gate is open during 1 ns at a frequency of 15 MHz as shown on Fig 2b.  
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Fig. 2. (a) Schematic of the time-resolved photoluminescence measurement. (b) Principle of the single photon counting system. The red line 
illustrates the periodic square-wave modulation signal. The black lines represent the time intervals in which the detector gate is opened. 
Figure 3 presents the TRPL measurements on the three epi-layers with a laser power of 80 mW and an excitation 
period of about 390 μs (duty cycle 50 %). Before tOFF (t <190 μs), the PL signal is constant and corresponds to the 
steady state condition. When the light is switched off, the PL intensity decreases according to a quasi-exponential 
law. We note that the PL decay is affected by the thickness and doping concentration of the epitaxial layer. 
 
 
Fig. 3. TRPL measurements performed on the three samples with different epi-layer thicknesses for a laser power of 80 mW. 
3. Analysis principle 
The PL intensity ܫ௉௅ can be expressed as the product of the free carrier densities in both conduction and valence 
bands [7,8]: 
IPLሺtሻa׬ ሾn0ሺr,tሻ+¨nሺr,tሻሿ×ൣp0ሺr,tሻ+¨p(r,t)൧d
3r V                                                                                           (1) 
where n0 and p0 are respectively the equilibrium free-electron and free-hole concentration and ǻn and ǻp are 
142   Stéphanie Parola et al. /  Energy Procedia  77 ( 2015 )  139 – 148 
respectively the excess electron and hole concentrations that are considered to be equal. 
For an n-type Si substrate with a doping concentration Nd, the equilibrium free-electron concentration n0 (§Nd) 
and the excess hole concentration ǻp are much larger than the free-hole concentration p0. Equation (1) can be 
simplified: 
IPLሺtሻ a׬ ൫Nd¨pሺr,tሻ+¨p2(r,t)൯d
3r V                                                                                                               (2) 
The simplified continuity equation gives the temporal behaviour of ǻp [9]: 
¨p(t)
t
=Ǧ ¨pሺtሻ
Ĳeffሺ¨pሻ
+G(z,t)                                                                                                                                    (3) 
Ĳeff is the effective lifetime which depends on the excess carrier density, the bulk lifetime and the surface 
recombination lifetime. G(z,t) is the time-dependent generation rate of electron-hole pairs which depends on the 
front reflection coefficient R of the sample, the absorption coefficient Į and the incident photon flux F(t): 
G(z,t)=Į൫1-R൯F(t)×exp൫-Įz൯                                                                                                                       (4) 
If the excess carrier density is uniformly distributed across the depth z of the sample, Equation (2) can be 
simplified:  
IPLሺtሻ=B×¨p(t)ሾ¨p(t)+Ndሿ                                                                                                                           (5) 
where B takes into account the fraction of collected PL and the radiative recombination coefficient. This hypothesis 
is verified for the three epi-layers under study and is illustrated for the 28 μm-thick layer in Fig. 4. 
 
Equation (5) is a quadratic equation of ǻp(t) which has only one positive solution: 
¨p(t)=0.5×ቆ-Nd+ටNd2+
4×IPL(t)
B
ቇ                                                                                                                  (6) 
B can be evaluated experimentally under steady state condition.  If the excess carrier distribution is uniform 
along the sample depth under steady state (SS) condition, డο௣ሺ௧ሻ
డ௧
= 0, G(t)=GSS and equation (3) can be written as: 
¨pSS=GSS×Ĳeff൫¨pSS൯                                                                                                                                  (7) 
The generation rate (GSS) is the average of G(z,t) over the sample thickness W : 
GSS=
ଵ
ௐ
׬ ܩሺݖǡ ݐሻ݀ݖ
ௐ
଴ ൌ
൫1-R൯F
W
ൈ ሺͳ െ ሺെߙܹሻሻ                                                                                    (8) 
where Į 870nm(Si) = 432 cm-1.  
 
Ĳeff(ǻpss) can be estimated from an exponential fit at the beginning of the PL decay and B can be extracted from 
equation (5) under steady state condition: 
B=
IPL-SS
¨pss×൫¨pss+Nd൯
                                                                                                                                            (9) 
where IPL-SS is the PL intensity under steady state condition. 
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Then, the derivative of ǻp(t) with respect to time can be calculated during the PL decay when G(t)=0 and finally 
Ĳeff(ǻp) can be deduced from equation (3).  
Ĳeffሺ¨pሻ= -
¨p(t)
¨p(t)
t
                                                                                                                                           (10) 
The strength of this characterization technique lies in the ability to self-calibrate the TRPL measurements thanks 
to the presence of both transient and steady state signals in one single experiment.  
4. Results and discussion 
4.1.  Sample influence 
PC1D calculations are carried out in order to evaluate the excess carrier distribution in the sample. Table 1 gives 
the sample parameters used in the simulation. Due to the experimental conditions, the epi-layers are in high injection 
conditions. The front surface recombination velocity (Sfront) value is evaluated to be less than 20 cm.s-1 from a quasi-
steady state photoconductance measurement performed on a n-type FZ-Si substrate (Nd=1015 cm-3) coated on both 
sides by a 20 nm-thick Al2O3 layer (the value of 20 cm. s-1 was used to be on the safe side). The interface 
recombination velocity Sint is estimated to be around 200 cm.s-1 due to the large field effect passivation induced by 
the high value of Nsub. The rear surface recombination velocity is taken as Srear = 105 cm.s-1, as the rear side is not 
polished and not passivated. Due to the low resistivity of the substrate, its high injection bulk lifetime Ĳsub,HI is 
estimated to be less than 1 μs. Moreover, as the resistivity of the epitaxial layers is very high, the high injection bulk 
lifetime of the epitaxial layers Ĳepi,HI is estimated to be less than 400 μs (for injection level higher than 3 x 1016 cm-3). 
From standard recombination models this value would lead to a SRH lifetime close to 1 ms. 
 
Table 1. Sample parameters used in the simulation. 
    Values 
Surface 
recombination 
velocity 
Sfront 20 cm.s-1 
Sint  200 cm.s-1 
Srear 105 cm.s-1 
Epitaxial layer 
characteristics 
Wepi < 400 μs 
Wepi 28, 41 or 75 μm 
Nepi 5x1013 (Wepi=75 μm) and 2x1014 cm-3 (Wepi=28 μm and 41 μm) 
Substrate Wsub  0.05 μs 
characteristics Wsub 500 μm 
 Nsub 1.1019 cm-3 
  
 
Figure 4 shows the depth distribution of the excess carrier density in the 28 μm-thick epi-layer and the substrate. 
It is clear that most of the excess carrier density (ǻp) is located in the epitaxial layer. Furthermore, as the minority 
carrier lifetime of the substrate is very small (~ 0.05 μs), the PL signal is mainly due to the epitaxial layer (it is 
commonly admitted in such structures [3]). The inset of Fig. 4 shows that the depth distribution of the excess carrier 
density in the epitaxial layer is quite uniform. 
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Fig. 4. Depth distribution of the excess carrier density in the 28 μm-thick epi-layer and substrate. The inset shows better the depth distribution of 
the excess carrier density in the epitaxial layer. 
4.2. Injection-dependent effective lifetime of epitaxial layers 
As stated in section 3, the experimental TRPL signal can be used to evaluate the injection level dependence of the 
effective lifetime. Fig. 5 shows the results extracted for the three samples. The 75 μm-thick epi-layer exhibits 
effective lifetimes between 150-200 μs and 20 μs in the injection level range 3x1016 cm-3 to 2x1017 cm-3. The large 
variations observed at the lowest injection levels are attributed to the uncertainty in calculating డο௣
డ௧
 for low signal 
level towards the end of the PL decay. The effective lifetime of the thinner samples (Wepi=28 and 41 μm) are 
smaller and left-shifted compared to those measured on the 75 μm-thick sample. This effective lifetime variation is 
attributed to a higher doping level for the thinner samples (2x1014 cm-3 compared to 5x1013 cm-3 for the 75 μm-thick 
sample).  
Moreover, by comparing the curves for Wepi=28 and 41 μm, we note that the effective lifetime is not significantly 
affected by the thickness of the epitaxial layer in the investigated injection range. This result can be explained by the 
very good passivation of the front and interface surfaces due to the Al2O3 layer and a strong field effect respectively. 
In this case, the effective lifetime will be limited by the bulk properties. 
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Fig. 5. Comparison between the effective lifetimes obtained from TRPL measurements for epitaxial layers with different thicknesses. 
4.3. Comparison with theoretical models 
As the injection level dependent effective lifetime of these asymmetrical samples cannot be measured by standard 
techniques like photoconductance decay, the extracted curve Ĳeff(ǻn)  is compared to theoretical models for 
validation. The effective lifetime Ĳeff can be expressed as a function of the surface recombination lifetime (Ĳsurface) 
and the bulk lifetime (Ĳbulk) composed of the Auger lifetime (ĲAuger), the radiative recombination lifetime (Ĳrad) and 
the SRH (Shockley-Read-Hall) recombination lifetime (ĲSRH): 
ଵ
ఛ೐೑೑
= ଵ
ఛೞೠೝ೑ೌ೎೐
൅ ଵ
ఛಲೠ೒೐ೝ
+ ଵ
ఛೝೌ೏
                                                                                                                    (11) 
As discussed previously, the measurements indicate that the surface lifetime can be neglected in the range of 
injection levels used for our samples. The Auger lifetime is estimated from the Altermatt’s model [10]. The different 
models for Auger lifetime will be discussed in the next section. The usual radiative recombination model is used 
with a coefficient of 9.5x10-15 cm3.s-1. Moreover, for lightly doped samples under our current experimental 
conditions (injection range of 1x1016 to 1x1017 cm-3), the measurements are performed at high injection. In this case, 
the standard SRH model can be simplified and a constant SRH lifetime can be assumed. 
Fig. 6 shows the three theoretical bulk contributions to the effective lifetime and compares the effective lifetime 
from the theoretical models with the TRPL measurement on the 75 μm epi-layer. The theoretical effective lifetime is 
first dominated by the SRH recombination until 2x1016 cm-3 and then by the Auger mechanisms for the higher 
injection levels. Consequently, the TRPL measurements are mainly governed by the Auger recombination 
mechanism with the current experimental conditions.  
The high injection SRH lifetime is adjusted to 300 μs and provides a good agreement between the experimental 
Ĳeff curve and the theoretical Ĳeff one. The same adjustment was also performed for the thinner samples and we 
obtained a high injection SRH lifetime of 100 μs. These values are consistent with the range of expected values 
considering the doping level of the studied epitaxial layers. This result validates the method for the extraction of the 
injection dependent effective lifetime from TRPL measurements. 
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Fig. 6. Injection-dependent effective lifetime, calculated using TRPL measured on the 75μm-thick epi-layer (plain symbols) and theoretical 
lifetime curves due to the different recombination mechanisms. 
4.4. Auger recombination model 
Several models are reported in the literature to describe the variation of the Auger lifetime with the injection 
level. Three Auger recombination models are considered for comparison: Dziewior and Schmid [11], Altermatt [10] 
and Kerr and Cuevas [12]. They differ from the definition of the Auger lifetime. 
In 1977, Dziewior and Schmid have reported an Auger recombination model for highly doped (doping level >1.1017 
cm-3) or highly excited n-type Si samples. The Auger lifetime is expressed as:  
߬஺௨௚௘௥(Dziewior)=
ଵ
൫஼೙ା஼೛൯ο௣మ
                                                                                                                    (12) 
Cn and Cp are the Auger coefficients. Cn=2.8x10-31 cm6.s-1 and Cp=9.9x10-32 cm6.s-1. 
Latter, Altermatt et al. have suggested another model well adapted for lightly doped p-type Si samples (doping level 
< 1x1016 cm-3):  
߬஺௨௚௘௥(Altermatt)=
ଵ
஼ೌο௣మ
                                                                                                                           (13) 
Ca is the ambipolar Auger coefficient, Ca=2.4x10-30 cm6.s-1. 
More recently, Kerr and Cuevas have introduced a third empirical model for lightly doped n-type Si samples 
(doping level< 3x1015 cm-3): 
 ߬஺௨௚௘௥(Kerr)=
ଵ
ଷൈଵ଴షమళο௣భǤఴ
                                                                                                                        (14) 
Fig. 7 shows the comparison between the experimental effective lifetimes and the theoretical values calculated 
with the three different Auger recombination lifetimes. The three models lead to different effective lifetimes starting 
from an injection level of 2x1016 cm-3, where the Auger mechanism starts to be the predominant recombination 
mechanism. In the case of the epitaxial layers under study, the Altermatt’s model provides a better approximation 
for the experimental curve and is used in this paper. The large deviation from Dziewor and Schmid’s model [11] is 
attributed to their Auger coefficient values that are better suited for highly doped silicon (Ndopant > 5 x 1018 cm-3) 
[13]. 
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Fig. 7. Injection level dependence of the effective lifetime for three Auger recombination models and from TRPL measurements. 
5. Conclusion 
This work reports the extraction of the injection-dependent effective lifetime of high resistivity Si epitaxial layers 
on highly doped Si substrate from TRPL measurements. Effective lifetimes of the Si epitaxial layers varying from 
200 μs to 10 μs are estimated in the injection range of 2x1016 to 2x1017 cm-3. The variation of the effective lifetime 
with the excess carrier density obtained from TRPL measurements is in good agreement with the theoretical model 
of recombination provided the Auger lifetime is described by the Altermatt’s model. The high injection SRH 
lifetime of the epi-layer can be extracted by fitting the theoretical effective lifetime curve. Finally, the influence of 
the doping level and the thickness of the epitaxial layer is shown and explained. 
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